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In recent years, awareness that trace elements play a very important role, either beneficial or harmful, in human health has increased. Many metabolic disorders in man are accompanied by alterations in the concentration of one or more trace elements in some body fluid, especially blood serum or plasma (1) . Interest in trace-element research in clinical medicine, biology, environmetal studies, toxicology, and nutrition has become an exciting frontier, and during the last two decades the number of publications on this subject has progressively increased. Recent developments in instrumentation have lowered the limits for determining many trace elements to the low nanogram or even picogram range, thus enabling determination of parts per billion (ng/g) and, in some cases, even less (2) . The present needs for trace measurements and techniques for micro-and submicro-analysis are already substantial, and recent reports indicate that the requirements and demands for such capabilities will increase considerably (3) (4) (5) (6) .
Because most essential trace metals are present in biological specimens in very low concentrations (7), precise and accurate analysis is most essential if meaningful results are to be obtained. In this context, the various factors that influence the precision and accuracy of trace-metal analysis must be identified and controlled.
Contamination and the stability of standards and controls are among the more important of these factors.
The reliability of any analyte determination is affected by the extent of contamination during collection, containment, processing, and analysis of the specimen. It is also influenced to a considerable extent by the accuracy with which a value may be assigned to the standards and (or) controls and the stability of the specimens, standards, and controls during containment.
A general discussion of the techniques and methods for preventing contamination may be found in the literature (8) (9) (10) (11) . Most practical information and the descriptions of useful techniques, however, are widely scattered and not readily accessible.
We present here a "state of awareness" report to clinical chemists and nutritional biochemists producing such data and clinicians using it. We emphasize the role of the collection of specimens and of the stabifity of specimens, standards, and controls stored in various types of containers during the period between collection and analysis. We highlight some of the problems and pitfalls arising from lack of attention to these very important aspects of trace-element analysis. Data thus obtained might at best be of doubtful value and at worst result in erroneous correlations between trace metals and various metabolic or disease processes and, in some instances, even lead to clinical interpretations that are totally unwarranted.
DefinitIon of Terms
Trace Any constituent whose concentration is equal to or less than 0.01% (100 parts per million) of the total matrix has been defined as a trace constituent (12) .
Amounts in the nanogram-per-gram
range are now commonly considered as traces. The term "trace" has become widely accepted even with its connotations of imprecision, and the phrases "trace metal", "trace element", "trace constituent", and "trace analysis" are commonly used in scientific literature.
Because of This definition will be used in our discussion.
Contamination
Contamination has been defined by Thiers (13) 
Type of Specimen
The biological fluids readily accessible and commonly used as specimens when trace elements are being determined are whole blood, serum, plasma, urine, and cerebrospinal fluid. These fluids usually reflect (or are presumed to reflect) the distribution of the elements in the body at the moment the specimen is collected. Serum, promptly separated to minimize the extracorporeal exchange of ions with erythrocytes, appears to be the specimen of choice in most cases. Whole blood provides an inclusive picture of cellular and noncellular components that is not always truly representative of "readily available" metabolically active trace elements. Blood plasma is likely to be exposed to contaminants present in anticoagulants and responds readily to effects produced by plasma-cellular interaction after blood is drawn. Cerebrospinal fluid specimens are useful in the clinical evaluation of individuals exposed to lead. They are also potentially useful in gaining information on any possible effect of trace elements on neural functions. The use of this fluid as a trace-element carrier representing most of the active metabolic processes in an animal organism is, however, obviously limited.
Although urine is responsive to the dietary intake of certain trace elements, its significance is primarily that of providing data complementary to those obtained from measuring trace elements in other body fluids or tissues (1, 21) .
Body fluids such as saliva, tears, sweat, or amniotic fluid have not been used extensively in studies of the physiological and clinical aspects of trace-element metabolism.
These body fluids do, however, have some usefulness in studies to elucidate certain pathophysiological conditions.
Integrity of the Specimen
Various factors alter the specific nature of a specimen at the moment of collection. These factors include the immediate and long-term history of dietary and drug ingestion;1'2 )P environmental and geographic factors; and circadian rhythms (22, 23) . It is, therefore, important that all factors that influence or compromise the integrity of the specimen be recognized and considered.
Both the laboratory scientist and the clinician must be aware of the history of the specimen before it is procured. This history represents a two-phase process: a long-term and a short-term effect. The longterm effects may have produced lasting changes and may have resulted in an adaptative equilibrium. Thus, long-term effects are an integral component of the metabolic biochemistry of the individual organism. Short-term effects, on the other hand, are primarily the consequence of diet and medication in the immediate past. Both long-and short-term effects influence the nature and quality of the specimen. The long-term effects, which result from physiological alterations and adaptations of the organism, are an inherent component of the specimen, whereas, shortterm effects essentially represent the introduction or the addition (or both) of components and compounds that can temporarily affect the distribution and concentration of trace elements in body fluids and tissues.
Short-term effects should, therefore, be thought of as biocontaminants.
The analytical results generated from such biologically contaminated specimens need to be evaluated with caution. It is also essential to recognize that the biochemical interactions among the trace elements indicate that these important micronutrients more frequently interact in a complementary, synergistic, or antagonistic manner rather than as independent components (24). Such interactions have a bearing on analytical results and their physiological implications and must be considered in evaluating data on trace elements in biological fluids.
The impact of modern technology on the geographic and geological characteristics and social patterns of any given population may alter the natural distribution of trace elements and add contaminants to the environment, thus producing long-term effects. For example, observations of the decreased incidence of hypertension and cardiovascular disease in populations consuming hard water (25, 26) therefore, important that the donor's physical status at the time the specimen is collected be defined and maintained within close limits. alternative, but they lack rigidity and strength. Titanium or some alloy of titanium may prove to be a better material for blood-collecting needles.
Collection of the Specimen
Collecting tubes are a potential source of highly variable contamination.
Evacuated tubes are frequently used to collect blood specimens, and many investigators have reported trace-metal contamination from this type of collection device (40, 41 ). Another source of contamination is the plasticizers present in these evacuated tubes and in most types of plastic tubes (42) . Commercial low-lead containers are not acid washed and contain significant tracemetal contaminants.
In some cases, the amount of contamination introduced by different containers ex- Stoppers made of silicone rubber or lined with Teflon may eliminate such contamination.
A simple approach to contamination-free specimen collection is to use a length of small-diameter Teflon tubing. After the blood has been collected, one end of the tube would be clamped off and the specimen centrifuged. The portion containing the cells would be clipped off, and the section containing the serum or plasma would be used to directly introduce the specimen into the analytical system. This would be a simple method, for example, by which to microsample for flameless atomic absorption spectrophotometry.
Unrecognized problems in handling procedures often introduce unrecognized errors in the results of trace-metal analysis. Proportioning and aliquoting are two such procedures. Soft-glass disposable pipets are generally used without being first decontaminated by an acid wash or by other means. Frequently, these pipets are exposed to airborne contamination in the laboratory.
When trace metals are in very low concentration in a solution, significant errors can also be introduced by adsorption onto the container surface. The enamel used in the markings of graduated pipets reportedly causes contamination with lead and other trace elements (45) . Micropipet tips are another source of contamination during aliquoting and dispensing body fluids. Prerinsing these tips with the specimen has been recommended, to improve precision of delivery and reduce contamination 
Anticoagulants and Preservatives
The difference between a specimen representing the actual composition with regard to the trace analyte to be measured and one whose integrity has been compromised may lie in the purity of the reagents used as anticoagulants and preservatives. Citrate, oxalate, ethylene diaminetetraacetate, and heparin are frequently used as anticoagulants. All of these reagents are efficient complexers of metallic ions. This makes their purification rather difficult. "Practical" and "technical" grades of anticoagulants contain significant amounts of trace cations, the most ubiqui- The analyst should be aware of the possibilities of contamination from these sources and take adequate precautions to eliminate or reduce it to manageable proportions.
Thiers (7) has expressed the situation in most cogent terms: "Unless the complete history of the sample is known with certainty, the analyst is well advised not to spend his time analyzing it." periods before the analysis is done-because the analysis is not being performed daily, because the specimen must be shipped to a reference laboratory, because it must be retained for a repeat analysis, or because of the advisability of simultaneous batch assay for time-sequence studies or population surveys. Specimen instability during containment and changes in analyte concentration can be sources of significant error in trace-element analysis of biological fluids. Suitable pretreatment of specimen and container is therefore necessary if the determined values of trace-analytes are to be accurate.
Stability of Specimens and Calibrators
The concentrations of trace-elements in biological fluids, standards, or controls may change during containment.
Such changes in specimens and calibrators are well recognized (48) (49) (50) (51) (52) (53) , although very few references on the stability of biological specimens may be found in the literature (54, 55, 63 Table 1 .
The difference between a sample representative of the physiological and metabolic status of trace elements in the organism and a specimen whose integrity has been compromised often lies in the quality of the container. Very highly purified water and dilute solutions of trace elements are rapidly contaminated by glass containers (57). In general, glass is a poor material for the storage of high-purity, very dilute solutions. Because of its higher stability, borosilicate glass is superior to soft soda glass for containment of dilute solutions, but high-purity plastics such as Teflon and polymethylmethacrylate (Plexiglass) are the most desirable materials. Only unpiasticized polyethylene made by the high-pressure process should be used; low-pressure synthesis of polyethylene involves catalysis by organic compounds of aluminum or oxides of transition metals, and therefore plasticized polyethylene is not a suitable material for containers used to store dilute solutions for long periods. Pretreatment of the container considerably influences the specimen's storage and stability characteristics. Even after over 300 hours of soaking in acid, glass loses measurable amounts of trace elements, including zinc, lead, and other heavy metals (12, 58 References on the stability of metal ion solutions of low and very low concentrations are few. Most previous studies (14, 48, 50, 60, 61) and are relatively magnified by the very low concentration of these solutions. It is generally inadvisable to change the pH of body fluid specimens during storage. Therefore, the pH of the calibrators and aqueous standards must be similar to that of the specimen and must not be altered to improve their stability during containment.
Investigators (50) recently reported on the effects of pH on the stability and solubility of a number of metal ion solutions of low concentration.
Studies of the shortand long-term stability of body fluids and very low concentration aqueous solutions of trace elements are also needed.
Contamination of biological fluids and calibrators arising from and during containment was considered in the previous discussion.
An additional aspect of the problem of instability leading to errors in traceelement analysis of body fluids is that of bacterial growth. Bacteria may grow in unfrozen samples kept longer than 24 hours. Bacteriostats such as streptomycin and thymol-fluoride are effective in preventing bacterial growth, but are potential sources of contamination.
Bacterial growth can also alter the traceelement concentration by incorporating airborne ions, e.g., growth in infected serum specimens can alter the concentration of some cations.4 Thus, the 4Anand, V. D., unpublished data.
specimens
Quality-Control Considerations
Developments in methodology and instrumentation for trace-element analysis in various matrixes have been prodigious in recent years; however, developments in quality-control and reference materials, equally important aspects of trace-element analysis, have lagged behind. Many well-conceived approaches to quality control (64, 65) could be effective, yet publications dealing specifically with problems of quality assurance in trace-element analysis in biological fluids are rather rare. At a recent National Bureau of Standards Symposium, Boutwell (66) presented a practical and potentially useful concept of the use of surrogate materials for quality assurance in trace-element analysis. An expert committee of WHO has emphasized the importance of and the strong necessity for quality assurance in trace element analysis (67).
Control Materials
At a workshop of invited research workers in the field of trace-metal analysis in nutrition and health,5 the participants were unanimous in recommending the development and extensive use of quality-control materials containing specified concentrations of the various analytes, in matrixes identical with or closely comparable to those being analyzed-e.g., blood serum or other biological fluids-and for instituting national and international inter-and intralaboratory evaluations.
Only such comparative evaluations will establish whether discrepancies in reported values from various laboratories are the result of actual population and (or) geographic variations or represent differences arising from poor methodology, faulty technique, or loss of specimen integrity. The National Bureau of Standards (NBS) now provides standard reference materials (SRM's) for analysis for trace elements in bovine liver and orchard leaves and has available some reference materials with tentative concentration values for a few trace elements in a serum matrix. These NBS products are quite obviously of limited use as quality-control materials in the analysis of trace elements in biological fluids. A whole series of SRM's with certified values for all biologically important trace elements in different body fluids is urgently needed and should be widely available. The need is predicated on the great significance of matrix effects on trace-element analysis insofar as the calibrators and calibration processes are concerned. 
Control Processes
A comprehensive and effective quality-assurance system has to encompass the whole process of data acquisition:
the collection of the specimen, its containment, the analysis, data processing, and reporting. The integrity of the specimen can be compromised during collection, storage, and processing. The various factors influencing this integrity have already been presented.
A consideration of these factors adduces strong arguments in favor of instituting quality control procedures that must extend to all aspects of the processing and analysis of the specimen both inside and outside of the laboratory. These control procedures must be applied at each stage of the collection, containment, processing, analysis, data acquisition, and reporting steps. Whereas control materials based in biological matrixes or other calibrators are indispensable for quality assurance in trace-element analysis in biological fluids, they constitute only one component of an inclusive program of quality assurance. In implementing a successful quality-assurance program, the validity of the analytical process must be established.
The precision of any analytical system can and should be measured by the same calibrators and quality-control procedures used to confirm the validity of the system. A given analytical procedure that is not under control will not produce results of useful precision. As Boutwell (66) Donor: Among factors that can influence and compromise the validity of measured trace-element concentrations are those pertaining to the donor, which may also introduce bias in the final data. Control of the quality and integrity of the specimen, therefore, must begin with the donor, before the specimen is actually collected. Personal history, dietary habits, recent and long-term medication, geographical origin, any recent changes in location, and other data that might contribute to variability should be documented and evaluated. Preferably, specimens should be collected under well-controlled basal conditions, e.g., between 0600 and 0800 hours, after as much as 15 h of bed rest, to avoid diurnal and circadian rhythm variations, and under defined posture and tourniquetting techniques. Through such control procedures, the specimen can be assured of being truly representative of the donor's physiological and metabolic status.
Collection Devices and Materials: Collection of a biological fluid specimen usually involves the use of a number of devices and materials, such as syringes, needles, blood collecting tubes, pipets, plastic tubes, anticoagulants, alcohol swabs, and rubber stoppers. Any or all of these can introduce adventitious contamination into the specimen. Each component in the collection process should be pretested for contamination by screening random samples from each lot, and only materials exhibiting lack of (or acceptably low) contamination should be used. All glassware used must be washed with nitric acid and rinsed copiously with trace-element-free, demineralized, distilled water. Further advisable controls could include surrogate specimens to be carried through the complete analytical process and duplicate or split specimens, from randomly selected subjects, to serve as supplemental controls. Actual collection and sample handling steps should be performed under prescribed and controlled conditions and surveillance procedures instituted to ensure quality. Clotting time, absence of hemolysis, speed, and time of centrifugation should be specified and controlled.
Storage of Specimens: We have discussed changes in trace-element concentrations in biological fluids and the factors to be considered in selecting a container that is made of the appropriate materials. Control procedures at this stage should involve testing random containers from each lot, to ensure that they are of the expected quality and conform to specifications. Stability of the specimens should also be monitored during containment under the actual conditions of temperature and duration of storage. Analytical Devices: The need for controlling variability introduced by the analytical procedure has already been emphasized.
Equally important, all apparatus and glassware that come in contact with the specimen should be carefully checked to obviate contamination and to ensure a consistent and low blank. The instrumentation must be checked routinely to ensure acceptable accuracy and high precision. Control of actual instrument performance by regular monitoring of specified areas-such as optics, electronics, and calibration-should be an integral component of instrumental quality control. Analytical Data: Quality control in data handling is an essential part of a comprehensive quality-assurance system. It is of the utmost importance that quality data, obtained through stringent controls at all stages of the analytical process, be handled with sufficient care so that simple problems, such as transcription errors, do not undermine or nullify their potential value. It is equally important to subject the data to comprehensive statistical analysis. Furthermore, an optimum number of individuals should be asked to provide specimens to ensure valid interpretation of the normative data. The known and possible interactions among trace elements, either synergistic or antagonistic, must be recognized in analysis of the data if unwarranted diagnoses are to be avoided. The analytical results obtained from control materials should be subjected to similar statistical techniques to ensure confidence in the validity of the determined specimen values.
Clinical scientists must be aware of the problems in data handling that undermine the extra efforts expended in procuring the quality data. The application of appropriate quality-control procedures in data processing must become an integral part of a properly functioning trace-element laboratory. 
